Numerical analyses of YBa 2 Cu 3 O 6:5þx (YBCO) polycrystalline film growth in the metal organic deposition (MOD) process using precursor solution containing metal trifluoroacetates (TFA) have been performed. This process is accompanied with both consuming H 2 O and releasing HF at the growth interface. At first, a one-dimensional numerical growth model of the YBCO was proposed in consideration of the growth kinetics at the interface between the precursor and the YBCO crystalline layers together with the conservation of the gas components, H 2 O and HF, in the precursor layer. This numerical model was treated as a boundary condition for the convective multi-component diffusion equations in the gas region. Subsequently, the convective multi-component diffusion equations and Navier-Stokes equation in the gas region were solved in a two-dimensional manner by the finite difference method. It was found that this numerical model calculation could make a good estimate for the growth rate distribution in the film and the molar fractions of the components in the gas region. Finally, it was confirmed that the supplied water vapor molar fraction dependence, the positional dependence and the inlet gas velocity dependence of the calculated YBCO growth rate were in good agreement with the experimental results.
Introduction
The metal organic deposition (MOD) process using precursor solution containing metal trifluoroacetates (TFA) is a low cost process for YBa 2 Cu 3 O 6:5þx (YBCO) coated superconductors to provide high critical density, Jc, because of its non-vacuum process in principle. The overall reaction of the TFA-MOD process was summarized as follows,
The epitaxial growth of the YBCO crystals is converted from Y 2 Cu 2 O 5 , BaF 2 and CuO with consuming H 2 O and releasing HF at the growth interface. It is required for production of long YBCO coated conductors by a high growth rate to design an appropriate gas flow system for efficient conversion in the equipment. The one-dimensional theoretical analysis of the YBCO growth considering multi-component diffusion and growth kinetics at the precursor/YBCO interface was proposed and the estimated growth rate values agreed with experimental ones. 4, 5) This analytical solution, however, did not contain the effect of the gas flow velocity variation, and it was not enough to design of the appropriate gas flow system for the actual reaction furnace. In this paper, we propose the numerical model for the YBCO growth which contains two-dimensional gas flow effect. The reliability of this numerical method is proved by comparing with experimental measurements.
Basic Concept for YBCO Growth
In the experimental measurement of the YBCO growth rate, it was revealed that the growth rate value is independent of the precursor thickness and is proportional to a square root of the molar fraction of H 2 O in the supplied gas. 4) Consequently, it was considered that the YBCO growth rate was limited by H 2 O and HF diffusions in the gas region. This result allowed as to assume that the diffusivity in the precursor was much larger than that in the gas region and the local equilibrium condition at the precursor/gas interface was maintained. Consideration of the thermodynamic equilibrium formulation for the reaction, eq. (1), led to assumption of the growth rate equation as,
where k þ and k À were rate constants of the reaction and the reverse one and X p H 2 O and X p HF were molar fractions of H 2 O and HF at the interface in the precursor, respectively, and K is defined as K ¼ k þ =k À . The k þ was assumed to be much larger values than unity in order to follow the analytical solution which estimates the linear relationship between the YBCO growth rate and the square root of the molar fraction of H 2 O in the supplied gas obtained experimentally.
5) The k þ value is therefore defined to be 100, which is commonly used in numerical studies. When an appropriate K value is selected, the k À value is simply obtained by the equation,
The one-dimensional solution of the YBCO growth rate, R, was solved with the assumptions that the mass diffusivities in the precursor were much larger than those in the gas region and the value of the respective molar volume in the precursor was equal to that in the gas region as follows,
where M g and M Y123 were molar volume values of the gas and the YBCO, respectively, D g was diffusivity of species in the gas region, which was assumed to be the same values for each component, g was a gas boundary layer thickness and X . It was, however, difficult to estimate the g value containing the effect of nonuniform gas flow rate distribution in the actual reaction furnace. The multi-dimensional numerical model, which implicitly estimates g , is proposed with above basic concepts for the YBCO growth.
Numerical Calculation Procedure

YBCO growth model
The molar fraction of each component, H 2 or HF, in the precursor layer can be assumed to be approximately constant for the normal direction to the precursor/YBCO interface because of the large diffusivity in the precursor as mentioned previously. However, the molar fraction of each component in the precursor may vary widthwise, since the distribution of the molar fraction of the gas component at the gas/precursor interface will not be constant and is varied due to the conversion process of the YBCO growth that is influenced by the gas flow and the diffusion.
The basic methodology in this numerical model is as follows; the convective multi-component diffusion equations in the gas region is solved by the finite difference method or the finite volume method, of which grid is the same size as that solving the Navier-Stokes equation for the gas flow. The YBCO growth is then solved as a kind of the boundary condition for the convective multi-component diffusion equations.
Let the numerical model of the YBCO growth in this study be restricted in two dimensions. A schematic illustration of one sub-region of the cross-section of the film, of which width is indicated as ÁW, is shown in Fig. 1 . It is assumed that the YBCO growth interface is parallel to the substrate surface in the sub-region. Consequently, the ÁW value has to be short enough for the constant molar fraction of each gas component in the widthwise.
The computations have to be continued to obtain a quasisteady state, e.g. constant distributions of the YBCO growth rates and the mole fractions of the components both in the gas and the precursor regions. Values of the volume, ÁV, or the height, y, of the sub-region in the precursor in Fig. 1 
respectively, where M g is the molar density of the precursor, which is the same value as that of the gas, J 
where M Y123 is the molar density of the YBCO compounds. Assumption of the local equilibrium condition at the gas/precursor interface leads to,
Substituting eq. (7) into eq. (6) and eq. (5) into eq. (4) leads to, 
The derivatives in eq. (8) are written in finite difference forms. Applying an implicit difference form to the time deviation, @X H 2 O =@t and @X HF =@t, leads to,
where X n and X nþ1 are molar fractions of the respective component at the gas/precursor interface at the times of n Á Át and ðn þ 1Þ Á Át as shown in Fig. 1 . Applying the first order forward difference form to @X H 2 O =@y and @X HF =@y leads to,
where superscript j ¼ 1 indicates the second grid point that is the grid size Áy away from the gas/precursor interface as shown in Fig. 1 . Substituting eqs. (10) and (11) into eq. (8) leads to,
where g 1=Áy. Expanding and reducing eq. (12), two quadratic equations about X nþ1
HF are obtained as follows,
Solving the first equation in eq. (13) about X nþ1
Substituting eq. (14) into the second equation in eq. (13) becomes the quadratic equation about X nþ1 HF as follows,
Considering the proper sign in the quadratic formulation for eq. (15), X nþ1 HF is presented as, 924 S. Nomoto, R. Teranishi, T. Honjo, T. Izumi and Y. Shiohara
where,
ð< 0Þ: (14)- (17) as one kind of boundary conditions for the gas region.
Convective multi-component diffusion in gas flow
In the TFA-MOD process, the water vapor partial pressure in the argon gas mixture atmosphere is supplied in the range of 1-10 mol% and the twice values of moles of the HF gas of the consumed H 2 O gas according to the YBCO growth reaction as eq. (1) is released into the atmosphere. Thus, the molar fractions of H 2 O and HF are considered not to be dilute in the atmosphere and the multi-component diffusion treatment is necessary to analyze the transfer phenomenon of the gas components, H 2 O, HF and Ar. In addition, the convective effect for the gas component transfer caused by the supplied atmosphere gas flow has to be added to the multi-component diffusion equation. 6, 7) Consequently, the convective multicomponent diffusion equations for the gas components are written as follows,
where u j is a gas flow velocity vector. It is noted that the constant molar volume in the gas atmosphere is assumed in eqs. The spatially derivative values of the molar fractions of the components, H 2 O and HF, in the neighborhood of the gas/ precursor interface have to be much larger than those in the other spaces in the gas region, since the H 2 O component converges and HF component diverges from the gas/ precursor interface. A smaller grid size, i.e. Áy in Fig. 1 , in the neighborhood of the interface than the outer one is, therefore, selected in order to preserve the numerical accuracy. This grid size variation, which is called ''nonuniform grid system'', is realized by introducing the mapping from the actual coordinate to the grid coordinate, e.g. from ''y'' to ''j'', in Fig. 1 .
Gas flow
The actually supplied gas flow velocity is very small, i.e. a range of 1 Â 10 À3 m/s and the gas pressure drop through the reaction furnace is also very small relative to the average pressure that is nearly equal to the atmospheric pressure. Thus, the supplied gas flow could be treated as the incompressible flow, which is coincident with the assumption of the constant molar volume in the previous multicomponent diffusion formulation.
The governing equations of the incompressible and viscous flow are written as follows,
where u i is the flow velocity vector, ij is the stress tensor, is the viscosity, p is the pressure,V ij is the velocity gradient tensor and is the mixture gas density. The first and second equations in eqs. (21) are the continuity and the momentum equations, respectively. Transformation from eqs. (21) to the finite difference equations are performed by the same manner as the previous formulation for the convective multi-component diffusion equations. Subsequently, the grid mesh used for the discrete formulations for eqs. (18)- (19) is also applied to numerically solve the finite difference equations of eq. (21). Finally, these finite difference equations are numerically solved by using highly simplified maker and cell (HSMAC) method.
9)
Calculations
The configuration in the reaction furnace for the TFA-MOD process, in which the YBCO growth rates were measured, is shown in Fig. 2 . The precursor coated films were placed on the surface on the holder in the furnace, heated up to 775 C at a rate of 25 C/min and held for 60-180 minutes. The details of the experimental conditions can be referred to the article reported by R. Teranishi et al.
2)
Calculations were performed in the two dimensional region as shown in Fig. 2 , of which boundaries of inflow and outflow are enough far from the film for the normal gradient of the molar fraction to be nearly constant, which preserves the Neumann boundary condition. The upper and bottom boundaries in Fig. 2 were located on the reaction furnace wall and the film holder surface, respectively. The YBCO growth rates were calculated in different cases of the film lengths, L ¼ 10, 20 and 30 mm.
The conditions of the grid generation, numbers of the grid and the grid size for the calculation region in the case of L ¼ 10 mm are shown in Fig. 3 . The grid generation was performed for the grid distribution to be dense in the neighborhood of the film surface. All grids consist of the three blocks, which are horizontally connected in series. The rectangle and non-uniform grids were generated in each block. The grid sizes on both sides for horizontal and vertical directions in each block are indicated in Fig. 3 . The horizontal grid size in Block-2 that placed on the film was constant to be 0. The boundary conditions of the molar fraction and the gas flow velocity and the pressure are shown in Fig. 4 . The boundary conditions of the molar fractions at the precursor coated film were given by eqs. (14) and (16). In order to investigate the inlet water vapor molar fraction dependence of the YBCO growth rate, the calculations were performed in the cases of X 21), the density of the gas is provided as
On the other hand, the viscosity might be variable according to the molar fractions of the components. However, it is difficult to obtain the precise value of the mixed gas viscosity. It is then assumed that the value of the density and the viscosity in the right hand side of eq. (21) are equal values in the Ar gas atmosphere, which were 0.487 kg/m 3 and 5:50 Â 10 À5 kgÁm À1 Ás À1 , respectively, at 775 C. 10) Consequently, eq. (21) was numerically solved only once in advance of performing computations of eqs. (18) and (19) .
In this two-dimensional calculation, distributions of the gas flow, the gas component fractions and the growth rates for the normal direction in Fig. 2 are not estimated. Thus, the symbol K in eq. (2), which is the exact value of K in the three-dimensional space, is not directly applicable to eq. (6) in the present calculations. Therefore, a parameter instead of K was used in eqs. (2) and (6) . The value is equal to the K value in the experimental condition that realizes the twodimensional distributions of the diffusion and the gas flow. However, the diffusion phenomena around the one cm wide film in the reaction furnace illustrated in Fig. 2 behave threedimensionally. Consequently, the value is rather different from the K value.
Results and Discussions
Consistency of analytical and numerical models
It was revealed for the present numerical YBCO growth model to be consistent with the analytical solution, eq. (3), by one-dimensional numerical analysis as follows. It was reported that the YBCO growth rates using the values of the constants, In these calculations, the used value of was 29:0 Â 10
À8
that was nearly three times as large as the K value (K ¼ 11:1 Â 10 À8 ) for the previous one-dimensional model. The distribution of the HF molar fraction is shown in Fig. 7 . It could be identified for the boundary layer to broaden more than the assumed one dimensional boundary thickness of g ¼ 1:25 cm. Thus, the larger value than the K value of the one dimensional analysis is necessary to estimate the growth rate to obtain the same value as experimental one. The present value, 29:0 Â 10 À8 , was used in all present two dimensional calculations. Figure 8 shows the positional dependence of the growth rate in the conditions for the inlet gas velocity of These results suggest that the effects of the convective multi-component diffusion in the three-dimensional space on the distribution of the YBCO growth rate were well simulated by the present two dimensional calculations using the constant value. Figure 9 shows the inlet gas flow velocity dependence in the conditions of X However, it is seen that the deviation of the growth rate values between calculation and experiment grows as the inlet gas flow velocity decreases. The reason for this tendency is considered as follows; the transport phenomena of the gas components tend to be controlled by the two-dimensional boundary layer caused by the one-directional inlet flow parallel to the film surface as the inlet gas flow velocity increases. On the other hand, as the inlet gas flow velocity decreases, the gas components rather tend to diffuse threedimensionally over the film in the reaction furnace.
Positional dependence of growth rate
Molar Fraction of HF
Film
Gas flow velocity dependence
The present YBCO growth model and numerical procedures can be, however, directly applicable to the threedimensional system. Thus, it is supposed that the above deviation for the gas flow velocity dependence is to be removed and the value is to approach the precise K value by performing the three-dimensional calculations.
Conclusion
In this article, the numerical analyses for the YBCO growth in the TFA-MOD process considering the gas flow, the gas component diffusion and the growth kinetics at the precursor/YBCO interface are conducted by constructing and performing the two-dimensional calculating procedures. As a result, it could be seen that the calculated results agree very well with the experimental results on investigations for the supplied water vapor molar fraction dependence, positional dependence and gas flow velocity dependence of the growth rate. Consequently, it is confirmed that the present growth model and the numerical procedure will become a powerful tool to design the suitable configurations and conditions in the reaction furnace to efficiently produce the YBCO conductor films. Numerical Analysis of YBCO Crystal Growth in the TFA-MOD Process
